1. Despite growing evidence that males often associate in all-male groups, there has been no review of male savannah elephant Loxodonta africana social relationships or of the use of vocal communication within these male groups. We assess the evidence for all-male group formation and for the use of vocal communication by males throughout the savannah elephant range of southern and eastern Africa, as well as in ex-situ studies of captive animals. 2. We derived data from two quantitative reviews of the published literature, for associations and for vocalisations, respectively. We supplemented these structured reviews with searches for books and of bibliographies. 3. We compiled evidence from 30 studies on associative groups, and found that group size was the most commonly reported variable (mean group size reported 2-4.9; range reported 2-40 when excluding studies that included lone males). 4. We found 22 studies reporting evidence of vocal communication in males. A total of four studies were retrieved from both searches, indicating that these areas of research may overlap. 5. We found that male elephants are frequently reported to be in groups, throughout their range and over time, although the groups are small: median group size was three. The diversity of male savannah elephant group sizes may indicate the behavioural flexibility of the species. It could also represent a lack of studies focusing on males. We found a paucity of research on male vocal communication (5% of studies were concentrated solely on male bioacoustics), particularly in natural settings, and few studies reported the social context or role of male vocal signals outside of musth. 6. We see great scope for future research at the important intersection between male elephant associations and vocal communication, including research on the role of vocalisations in mediating all-male associations. 
INTRODUCTION
Highly social animals living in complex societies have well-developed communication networks comprising multiple sensory modalities, such as visual, tactile, electrical, chemical and acoustic signals (Bradbury & Vehrencamp 1998) . For many group-living mammals, acoustic signals play a particularly important role in the coordination of group activities and regulation of social interactions (Fichtel & Manser 2010) . Indeed, over the last two decades, empirical evidence for the 'social complexity hypothesis' has increased, demonstrating that, at least for some species,
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Social associations and vocal communication in wild and captive male savannah elephants Loxodonta africana social complexity seems to be correlated with vocal complexity (Blumstein & Armitage 1997 , Wilkinson 2003 , McComb & Semple 2005 , Freeberg 2006 , Le Roux et al. 2009 , Gustison et al. 2012 , Pollard & Blumstein 2012 , Bouchet et al. 2013 .
The most structurally complex social systems identified to date are the flexible fission-fusion societies found among some primate, cetacean and elephant species (Kummer 1968 , Whitehead 1995 , 1997 , Connor 2000 , Lehmann & Boesch 2004 .
For female African savannah elephants Loxondonta africana, their fission-fusion social network has a hierarchical structure. The smallest unit is a breeding female and her immature offspring, followed by the family group of regularly associating mothers and calves, bond groups encompassing multiple family groups, and lastly, clans made up of multiple bond groups (Moss & Poole 1983) . Within this complex system, vocal signals play an integral role, aiding the formation and maintenance of elephant social relationships by allowing individuals to communicate statebased information over short and long distances (Soltis 2010 , Poole 2011 .
In line with the social complexity hypothesis, a large body of work has been conducted investigating the vocal repertoire of these female-led family groups, and whether or how they use vocalisations within their social interactions (Moss & Poole 1983 , Soltis 2010 ). Many of the vocalisations produced by adult females in these groups are associated with intra-group and inter-group cohesion and coordination (Poole 1994) . Studies have shown that females can discriminate the low-frequency (infrasonic; <20 Hz) contact calls of closely affiliated and unaffiliated individuals; each adult female can recognise the calls of around 100 other females in the population (McComb et al. 2000) . Evidence also suggests that these contact calls are structurally distinct, encoding individual identity information (McComb et al. 2003 , Soltis et al. 2005a . Furthermore, females in captivity were found to be more likely to respond to the rumbles of closely affiliated individuals than to those of unaffiliated group members, and rumbling reduced the distance between two females, particularly if such partners were closely bonded (Soltis et al. 2005b , Leighty et al. 2008 ). More recently, research has been focused on the expression of emotional state within elephant vocalisations. Researchers have consistently shown differences in the acoustic properties of calls produced in high-affect situations in which individuals are highly emotionally stimulated in comparison to low-affect social situations; findings which suggest that elephants are capable of signalling the caller's emotional state (Soltis et al. 2005a , Stoeger et al. 2011 . It is clear from this body of research that vocalisations are critical to female elephants: to mediate their family bonds; maintain social cohesion and even aide their reproductive success. Some calls are specifically directed to males and linked to reproduction, such as the femalechorus (elicited when a musth male associates with a family group) or estrous-rumble (also known as the post-copulatory rumble; Poole 1994 Poole , 2011 .
In this review, we seek to focus on the other side of elephant life, that of males. In comparison to females, less is known of male social life and vocal communication. Like many polygynous mammals, male elephants have a contrasting and distinct pattern of life history to that of females . They disperse from their natal family groups as adolescents (aged 10-20, with a mean of 14 years) and grow into adult males separately from female groups. In the past, male adult elephants were thought to be essentially solitary (Croze 1974 ). However, current evidence suggests that at least part of their time from adolescence onwards is spent in all-male groups (Poole 1982 (Poole , 1987 , although the strength, duration and causes of their social relationships are not fully understood. In many species, all-male associations must balance co-operation, for example in accessing resources, with competition, as males compete for access to mates, for example through body size (Clutton-Brock et al. 1982 , Connor et al. 1992 . In male elephants, intense competition over access to females clearly exists (Poole 1994) ; however, the motivations for forming associations based on co-operation are less apparent, as anti-predator defence and sharing access to resources, which are cited as reasons for associations in other species (Clutton-Brock 2016), are not part of adult male elephant social life (Moss & Poole 1983) . Our review will focus on quantifying and synthesising the evidence for these all-male associations and their vocal communicatory abilities, detailing the specific knowledge of both male savannah elephant associations and their related vocal systems, and illuminating areas for future research.
A substantial volume of behavioural research on male elephants has been focused on the state of musth (Poole & Moss 1981 , 1989 , Poole 1987 . Musth is a period of sexual activity in male elephants, which is signified by physical characteristics including swollen temporal glands and urine dribbling (also known as green penis syndrome; Poole & Moss 1981) . In free-ranging savannah elephants, musth begins at the age of 25-30, and annual recurrent musth cycles are established at around 35 years of age (Poole 1987 , Rasmussen et al. 2008 . Importantly for the understanding of male sociality and vocal communication, musth signals can be perceived by male and female conspecifics, and may convey information, for example of dominance rank or risk of aggression (Poole 1989 . Musth is associated with high levels of androgens (Poole et al. 1984 , Ganswindt et al. 2005 , Rasmussen et al. 2008 , which are thought to underlie the heightened aggressive behaviour that males in musth exhibit (Poole & Moss 1981) . Other behaviours linked to musth include mate-guarding, increasing walking and reducing foraging (Poole 1987) . Males in musth compete for oestrus females by agonistic interactions (Poole 1989) . Most commonly, these take the form of threats, but they can escalate into fights, with the potential for mortality (Poole 1989 ). Clearly musth cycles should be taken into consideration when studying male associative behaviour, as the reasons for group formation in sexually active and inactive periods may be different (Poole 1982) .
The signals associated with musth to advertise sexual state can be extended to vocal signals, in particular the musth rumble (Poole 1987 (Poole , 1999 . Musth rumbles are very low-frequency (fundamental frequency may be as low as 11 Hz) pulsating vocalisations with levels up to 108 decibels (recorded 15 m from the source and extrapolated to 1 m; Poole 1987 Poole , 1999 . Musth rumbles will be treated separately from other vocalisations in this study, given the unique behavioural and physiological context of musth and the distinctive structure and context of these calls (Poole 1999) .
Here, we conduct a comprehensive review of the evidence for male social behaviour and vocal communication in the literature for the first time, using both a systematic approach and a traditional literature review. We aim to review the evidence for male associations and vocal communication, and to highlight findings that include the use of vocal signalling in male groups. We compare the search results to similar data for females, to determine to what extent females have received greater research effort than males. We analyse general document information (type, date of publication, etc.), and investigate geographical location to determine where studies are taking place, whether they are clustered at specific research sites, and whether the sites represent the range of ecological settings that male savannah elephants inhabit. In addition, we extract data on the reporting of musth, and discuss its role in studies of social and vocal behaviour. Within the vocal line of investigation, we also assess the call types and the social context of vocalisations reported in the literature. We synthesise the key evidence for male associations and vocal communication, discuss how the two areas can complement each other in order to improve our knowledge of the role of vocal signalling in male elephant society, and highlight literature gaps that may provide future research avenues. Finally, we use the information gathered to suggest future areas of study.
METHODS

Sourcing literature
We conducted two systematic searches of published literature using keyword searches in Scopus. In both cases, the results were filtered for publications in the following categories: "Agricultural and Biological Sciences" and "Environmental Science". The Scopus searches were not confined to publications in a certain time period and were able to retrieve all document types. To retrieve literature pertaining to male elephant associations, the following search terms were used: African elephant OR L. africana AND male OR bull AND group OR assoc* OR social*. For literature relating to male elephant vocal communication we used: African elephant OR L. africana AND male OR bull AND vocal* OR *acoust* OR rumble OR call OR infra* OR low$frequency OR sound. The documentation was reviewed in July 2017. We repeated the searches for female elephants using "female OR cow" in order to compare the quantity of literature retrieved on each of the sexes.
Whilst reviewing the literature, we supplemented the output from Scopus with documents that had been referenced and contained relevant information (excluding Masters and PhD theses and unpublished 'grey literature'), along with any literature from personal bibliographic lists of references.
Data extraction
We first read the abstract of each document to determine its relevance. We then compared the number of documents retrieved in the male and female searches. For the male association research topic, the selected documents were read in their entirety to extract the following information: 1) author, year of publication and document type; 2) study population, country and region (eastern or southern Africa); 3) whether the document was focused on male elephants; 4) whether the study was conducted in a bull area (an area where sexually inactive bulls are known to reside; Croze 1974 , Moss & Poole 1983 ; 5) any reference to musth or sexual state in relation to male associations; 6) the specified association parameter (including mean or median group size, association index, time spent associating or number of associates); 7) key findings relating to male associations; and lastly 8) whether male associations formed a significant part of the study (see Appendices S1 and S2).
For the male vocal communication topic we extracted the same general document and location details (see 1 and 2 above), along with: 1) whether the study was focused on male elephant vocal communication; 2) the type of male vocalisation or vocalisations mentioned; 3) the key findings relating to male vocalisations; and lastly 4) whether male bioacoustics formed a significant part of the study (see Appendices S3 and S4).
Data analysis
To gain a general understanding of the amount of research conducted in both areas (vocalisations and interactions), the different sources of such information, and whether there were any temporal or geographic patterns, we analysed the following: 1) the percentage of documents from Scopus that were relevant; 2) how many documents were added from supplementary sources; 3) the percentage of different document types; 4) the percentage of publications per decade; 5) the percentage of studies on captive animals vs. wild populations; and 6) the percentage of studies per geographic region, country and, where possible, population. Moreover, for both research areas, we determined the percentage of documents that were focused solely on male elephants, since male and female elephants differ in their social dynamics and consequently their vocal behaviour.
From the male association data, we also determined the percentage of studies that stated whether information relating to all-male groups came from bull areas, and the percentage that made reference to musth or sexual state. To assess the different aspects of male sociality that were investigated, we calculated the most commonly reported parameters of association, such as group size and association index. Lastly, for more contextual information, we looked at the percentage of studies in which male social interactions were a primary research focus.
In terms of additional data extracted on male vocal communication, we examined the variety of vocalisations reported in the literature, considering the most frequently reported call type and, where possible, deducing the behavioural contexts of these vocalisations. Additionally, we analysed the studies that were retrieved in both research areas to determine how literature on male associations and vocal communication overlaps. We then discuss all of these results more broadly, highlighting key studies and findings and synthesising the evidence from the wide range of sources.
RESULTS
Evidence for male associations
The Scopus search on male associations retrieved a total of 114 publications. Of these, only 10 were considered relevant (9%). The other 104 (91%) were excluded because either the research topic was irrelevant (n = 97, i.e. medical, physiological, spatial, etc.) or because the studies were focused on the social relationships of forest elephants Loxodonta cyclotis (n = 2) or on females and/or the family unit (n = 5). In contrast, the female association Scopus search retrieved 150 documents, of which 26 (17%) were regarded as relevant. A further 20 publications on male elephants from supplementary sources were added to the 10 from Scopus. Of the 30 relevant publications (33% Scopus, 67% supplementary), 27 (90%) were primary research articles and three (10%) were book chapters. Publication dates ranged from 1963 to 2015. The number of publications per decade has increased since 2000: 60% of the documents were published in the last 17 years (Appendix S1).
Geographic locations: male associations
The literature spanned seven countries and all data were derived from wild elephant populations. Twenty-three (77%) of the studies were conducted in east Africa, the remaining seven (23%) in southern Africa. A large percentage of the east African studies were on elephant populations in Kenya (n = 20, 67% of total publications or 87% of the literature from east Africa; Fig. 1 , Appendix S1), namely those in in Amboseli National Park, Tsavo National Park, Masai Mara National Reserve, Samburu National Reserve and the Rift Valley Province (see Appendix S1).
Context of male association studies
We found that of the 30 relevant documents, 11 (37%) were specifically on male elephants. In order to determine whether studies were conducted in areas primarily occupied by males, we investigated whether they made specific reference to the study being mainly or partly located in a bull area, and found that one-third (n = 10 or 33%) explicitly stated that this was the case. In addition, when documenting evidence for all-male groups, approximately three-quarters (n = 22 or 73%) of the literature did not make reference to or include sexual state or musth as a factor affecting the likelihood of male associations (Appendix S1). The most commonly reported measure of association was group size (n = 19 or 63%), which ranged from 1 to 40 when studies that count lone males as a group were included, or 2 to 40 when such studies are excluded (see Appendix S2). Reported means range from 1.9 to 4.9 (when studies include lone males in group size calculations) or 2 to 4.9 (when studies exclude lone males from group size calculations; Appendix S2). The second most commonly reported parameters for male associations were association metrics (n = 10 or 33%), such as association indices or time spent associating. Social network analysis had been conducted in two documents (7%), both of which were published in the past 5 years (Appendix S2). Along with reporting measures of association, some studies also provided information on the behaviours exhibited by males occupying all-male groups. Documented activities include: sparring, greeting, vocalising, foraging, walking, mud-bathing and crop-raiding (Evans & Harris 2008 , Ahlering et al. 2011 , Chiyo et al. 2011 , Evans et al. 2013 .
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The majority of studies that contained information on male associations investigated how either age, sexual state or season influenced male sociality. Individuals of similar ages seemed more likely to associate with one another, and mature males were most likely to be reported as preferred partners (e.g. Evans & Harris 2008) . On the occasions where studies reported information regarding sexual state (n = 8 or 27%) there was a general consensus that individuals were more likely to be found in all-male groups during non-musth periods than in musth periods (e.g. Poole 1994 ). Individuals in musth were more likely to be solitary or in association with family groups (e.g. Poole 1994 ). There was little agreement about how seasonality affects male associative behaviour: larger group sizes were associated with different seasons in different regions (Chase & Griffin 2008 , further examples in Appendix S2).
Only five (17%) studies, all published in the last decade, contained detailed information pertaining to male social dynamics (those in bold in Appendices S1 and S2). Goldenberg et al. (2014) found that the mean number of significant affiliates for each male was dependent upon sexual state, at 1.81 (±0.28) when sexually active and 3.88 (±0.61) when sexually inactive. They also found an age effect: the average association index and number of significant dyads increased with age. Similarly, Chiyo et al. (2011) found that in social networks, older males had higher network centrality and stronger associations. A more complex picture develops though, as in two studies clustering occurred amongst individuals close in age and individuals of similar age tended to associate with one another , Chiyo et al. 2012 . Evidence from Evans and Harris (2008) supports both findings, in that all age groups spent more time with males of similar age, but individuals preferred to be nearest to older males (aged 36 years and older).
Evidence for male vocal communication
The Scopus search on male vocal communication revealed 14 publications, of which six (43%) were deemed relevant. Eight articles were excluded (57%) since they were either focused on female elephant communication (n = 6), Asian elephant Elephas maximus communication (n = 1), or were on an unrelated subject matter (n = 1). By comparison, the female vocalisation Scopus search retrieved 20 documents, of which 12 (60%) were classed as relevant. Sixteen supplementary publications were added during the review period, resulting in a total of 22 relevant publications on male vocal behaviour. Of these, 15 (68%) were primary research articles, three (14%) were review papers, three (14%) were book chapters and one (5%) was a brief communication. The publication period ranged from 1983 to 2017, and the number of publications reporting evidence of male vocal behaviour increased after 2000: 68% of the documents were published in the last 17 years (Appendix S3).
Geographic locations: vocal communication
To investigate where and in what kinds of setting studies are taking place, we analysed location information. After omitting the publications that cited work from multiple elephant populations (the three review articles and one of the book chapters, see Appendix S3), 10 of the remaining 18 studies were on captive or semi-captive groups of elephants (56%), while eight were concentrated on wild elephant populations (44%). From the latter, east Africa was again more heavily represented in the literature than southern Africa (n = 6, 35% of total publications or 75% of the literature from wild populations, vs. n = 2, 12% of total publications or 25% of the literature from wild populations); all six of the east African publications were from the elephant population based in Amboseli National Park, Kenya ( Fig. 2 ; Appendix S3).
Call types and sex differences
The low-frequency rumble vocalisation was the most frequently reported male call type in the literature, referenced in 14 of 18 documents (78%, having excluded studies citing multiple elephant populations) to various degrees of detail. Musth rumbles were reported in seven of the 14 studies that documented rumble vocalisations (50%), six of which were published between 1987 and 1999 (Appendix S4), indicating that earlier studies were focused on musth rumbles. Ten documents (46%) compared male vocal signals directly to those of females (see Appendix S4). Two of these studies, as well as describing rumble vocalisations, also contained information on the rest of the male vocal repertoire. Stoeger-Horwath et al. (2007) found that during infancy there were no differences in the number of call-types produced by male and female calves; each sex produced six distinct calls, which they defined using acoustic variables: rumbles, barks, grunts, roars, snorts and trumpets. In contrast, Poole (1994) used contextual information to define calls and stated that adult males had fewer vocalisations than adult females, reporting that of the 26 vocalisations produced by adult elephants, 19 were produced solely by females, three by adults of both sexes (play trumpets, bellows and trumpet blasts), and four solely by males (groans, musth rumbles, a male-male respect rumble and a mystery rumble). In a review on elephant communication, Langbauer (2000) reproduced the list by Poole, but discarded the mystery rumble.
As well as having less variety in call types than females (Poole 1994 , Langbauer 2000 , the consensus among the studies reviewed was that males also vocalise less often than females (Leong et al. 2003) . The common explanation for these differences resides in the separate social systems of males and females. Moreover, Poole (1994) suggests these dissimilarities exist because males are more dependent on passive communication to locate female groups than on active communication, which is prominent within family groups. Poole (1994) also points out that males do not call in chorus, and that the calls they do make are related to male-male dominance interactions and/or reproduction, rather than to group coordination and infant care. However, since male vocal communication has been subject to less research than that of females, there remains the possibility that the full range of male vocal signals has not yet been documented (Langbauer 2000 , Soltis 2010 , Poole 2011 . 
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Acoustic structure and context of rumbles
Male musth rumbles have been commonly described as highly distinctive, pulsated calls, with a fundamental frequency ranging from 11 to 17 Hz and a long duration averaging 4.4 s (Poole 1999) . In addition to having a clear behavioural context, basic acoustic analysis has found these rumbles to be individually distinct (Poole 2011 , also see Poole 2011 for a spectrogram of a musth rumble and Stoeger & Baotic 2016 for a spectrogram of a non-musth rumble). We also found evidence for communication of male sexual state to females. Langbauer et al. (1991) showed that female groups were more vocally responsive to playbacks of male rumbles, including a musth rumble, than elephants in all-male groups. Poole and Moss (1989) came to a similar conclusion: 11% of the 200 musth rumbles produced by males were answered by a female chorus. These findings indicate that vocal exchanges associated with musth rumbles may be between males and females rather than males. A young male was found to chorus with oestrus females, but this was in a captive setting (Leong et al. 2003) .
Rumble vocalisations have been recorded outside the context of musth in eight instances (see Appendix S4). Information pertaining to the specific function and/or acoustic structure of these signals was generally lacking in comparison to musth rumbles. However, Stoeger and Baotic (2016) showed that male elephant non-musth rumbles contain information about individual identity, just as they do in females (McComb et al. 2003 , Soltis et al. 2005a , as well as information about age and/or size. The formant frequencies and the absolute fundamental frequency were the most informative of the acoustic parameters analysed. Stoeger and Baotic (2016) also found that larger and older males (shoulder height above 3 m and over 25 years old) had an estimated mean vocal tract length of 3.21 m ± 0.51 SD, and that vocal tract length was positively correlated with formant frequency. For younger and smaller males (aged under 25 and less than 3 m tall) the mean vocal tract length estimated from the formants was 2.36 m ± 0.26 SD, similar to that of adult females (Stoeger & Baotic 2016) .
The majority of studies that reported non-musth rumble vocalisations provided details on the behavioural context of the calling individual (one did not). Four publications reported male elephants rumbling during high-affect, agonistic, social situations. In two such instances, wild males were described rumbling when threatened, usually during dominance interactions with higher-ranking individuals (referred to as male-male respect rumbles by Poole 1994 and V−8 rumbles by Poole 2011) . The other two occasions reported male infants in captivity being more vocally demanding than females during suckling behaviour and after the cessation of feeding (Stoeger-Horwath et al. 2007 .
A further four publications recorded males rumbling during low-affect social contexts, all from captive settings (Leong et al. 2003 , Stoeger et al. 2012 , Stoeger & Baotic 2016 . Such behavioural contexts included: when individual males were spatially separated from other elephants, when males were approaching another elephant or being approached, during general group locomotion, and physical contact. For example, Stoeger et al. (2012) recorded males rumbling during periods of spatial separation and bonding. All of the rumbles analysed by Stoeger and Baotic (2016) and Baotic and Stoeger (2017) were preselected for low-affect social contexts, while Leong et al. (2003) recorded 17 loud rumbles and 16 rumbles (neither associated with musth) from a young male in captivity. Two rumbles were also recorded when two males were introduced to each other for the first time, indicating that non-musth rumbles are used in allmale associations.
Overlapping literature
To investigate how and where the literature on male sociality and vocal communication comes together, we determined which studies were found in both searches. Four documents appeared in the male association and vocal communication search output (see Appendices S1-S4). Evans et al. (2013) was the only recent study that straddled these two research areas. Although the article was not directly relevant (its focus was on the reintroduction of captive male elephants), the authors used vocalisation rate as a parameter to assess the ability of reintroduced males to integrate socially with wild elephants, and found that released males vocalise more than their wild counterparts. Three earlier documents, all involving work in Amboseli National Park, contained material pertinent to both searches. Firstly, Poole (1994) investigated the differences between males and females in terms of their social dynamics and vocal communication, finding that males do not call in chorus and that the few calls they do make relate to male dominance interactions and/or reproduction. Furthermore, non-musth males are either solitary or in small all-male groups, in which interactions are relaxed and amicable. By contrast, musth males in search of oestrous females interact aggressively with other males. Secondly, Poole and Moss (1989) looked at group dynamics and vocal communication in the context of mate searching, and demonstrated that musth males are more likely to be solitary or associated with female groups than to form all-male groups. By contrast, non-musth males are more likely to be in all-male groups than to be alone or associated with females. Moreover, musth rumbles are Male elephant associations and vocalisations A. Morris-Drake and H. S. Mumby answered by female chorus and are occasionally associated with listening behaviour. Lastly, Poole (1987) focused specifically on male elephants and musth, and found that males in musth rumble more often when alone and searching for female groups than when they have joined female groups. Older males were also shown to vocalise significantly more than younger males when in musth.
DISCUSSION
In this paper, we present the first assessment of studies on male savannah elephant social and vocal behaviour. From our structured review, it is clear that males have frequently been reported associating in all-male groups, although such associations seem to be fission-fusion in nature. Literature on male vocal communication has been focused on the musth rumble, and, although rumbles have been recorded outside the context of musth, little is known about their function or about the social signals contained within them (see Stoeger & Baotic 2016 for an exception).
Our review revealed substantial evidence for male associations, with group size being the most commonly reported parameter. Based on studies reviewed here, male group size ranged from 2 to 40, although the median was around three (see Appendix S2). In some studies, group size was heavily influenced by season: groups are generally larger in the dry season than in the wet season (see Kioko et al. 2006 ). However, this pattern was not consistent across studies; other researchers found no effect of season on male group size (McKnight 2015) . The variation in conclusions and group sizes could indicate the behavioural flexibility of the species in the wide range of environments they inhabit, and highlights the fission-fusion nature of male savannah elephant associations.
Several researchers assessed the strength of male relationships, and in the majority of cases these appeared to be weak (Croze 1974 , Moss & Poole 1983 , Poole 1994 , Langbauer 2000 , Chiyo et al. 2011 . In one paper, after controlling for sexual state, male association indexes were found to be much stronger than previously reported (Goldenberg et al. 2014 ). This study and earlier work by Poole (1982) demonstrates that sexually inactive (nonmusth) males have more male companions than sexually active males, and that the affiliations of the former are better connected than those of their sexually active counterparts (Goldenberg et al. 2014) . A further study found that young, free-ranging males (aged 19) show signs of musth when older males are absent from the population (first shown in Poole 1989) . However, subsequent introduction of older individuals suppressed the musth cycles of the younger males (Slotow et al. 2000) , suggesting that interactions between males may mediate musth activity; a finding which has important consequences for the understanding of all-male associations, both within and outside of musth. Notably, we found that nearly three-quarters of the reviewed literature did not reference the sexual state of male elephants when reporting evidence for male associations, meaning that sociality may have been overor under-estimated. Moving forward, it is clear that sexual state must be considered in studies of male sociality as it is likely to be a key factor in determining male associations. In line with this, it would be beneficial to improve our understanding of musth and how it affects male sociality at different age classes. For example, younger males have less clearly defined musth cycles than older males, and thus the physical and social patterns associated with musth signs in younger males could be investigated further.
In addition to season and sexual state, male sociality is influenced by the age of elephants. We found that the literature reported evidence for associations amongst agemates , but also that older individuals are the preferred associates of male elephants of all age classes (Evans & Harris 2008) . Observations of males in their 40s and 50s being accompanied by younger dispersing males have been reported, with the young males being termed "askari", a term meaning solider, in some cases (Buss 1990) . The idea that older males play a significant role in male elephant societies warrants further investigation. In female groups, matriarchs and older females act as repositories of social and ecological knowledge (McComb et al. 2001 (McComb et al. , 2011 . There is, therefore, the potential to test whether such a role also exists in mature male elephants.
Furthermore, the notions that adolescent males may be the most social age class, spending time in larger groups, but that older males may be preferred social partners and are more central in networks (as in Evans & Harris 2008) , are not necessarily contradictory if dominance hierarchies and the preferential access to resources of older and larger males is taken into account. Essentially all individuals may benefit from being closer to an older male, but there is less benefit for the older male himself, resulting in the patterns of preference and observed associations reported. The role of kin recognition within all-male groups has also received little empirical attention (but see Chiyo et al. 2011) , despite the likelihood that, as with females, genetic relatedness may play a role in the formation and maintenance of male associations in all populations. We propose that future researchers should take into account the age structure of associates and the genetic relatedness between individuals, in order to assess whether cross-generational associations are most likely to occur between related individuals, and whether associates in all age classes are more closely related than expected based on chance.
A. Morris-Drake and H. S. Mumby Male elephant associations and vocalisations A large proportion of the studies on male associations did not include information on whether data were collected from known bull areas, despite it being well established that all-male associations frequently occur between males occupying the same bull area (Moss & Poole 1983) . If studies are primarily based in mixed areas, this could bias the research towards males sighted in close proximity to female groups, and could complicate estimates of group size or associations, potentially leading to lower estimates of group size. Although we acknowledge that bull areas might be difficult to delineate in some areas, we propose that for studies located predominantly in bull areas, there may be larger group sizes and stronger links, for example association indices, between male elephants.
In general, given that the evidence for preferential association between males during periods of sexual inactivity is increasing, further research exploring the fitness costs and benefits of such relationships is required. As with most polygynous mammals, reproductive competition is intense between male elephants. Thus, it may benefit individuals to assess competitors and establish dominance hierarchies during non-musth and musth periods, so as to prevent potentially life-threatening conflicts from arising in the future (Evans & Harris 2008 , O'Connell-Rodwell et al. 2011 , Goldenberg et al. 2014 . Other, more cooperative benefits of establishing associations might include: acquiring information on profitable foraging and watering areas, kinship, and enhanced anti-predator defence (probably due to threats from humans; Hamilton 1971 , Chiyo et al. 2011 .
In terms of male vocal behaviour, we found that lowfrequency rumbles were the most frequently reported vocal signal produced by males. This mirrors the literature on elephant bioacoustics, where rumbles are the most heavily studied call type, reflecting the fact they are the most common and most structurally varied vocalisation produced by elephants (Poole 1994 , Langbauer 2000 , Leong et al. 2003 , Soltis 2010 . A lot of uncertainty seems to surround the rest of the male vocal repertoire, and there is little consensus with regard to the number and type of different calls that adult males produce. Such ambiguity is compounded by the use of inconsistent terminology across studies, and by the lack of a consistent approach for classifying vocalisations; some researchers use differences in acoustic parameters, whereas others use the behavioural context of the calling individual.
The most well-understood vocalisations in the male rumble repertoire are musth rumbles, due to their distinctive sound and clear behavioural association. Until 1994, nothing had been documented on rumble vocalisations outside the context of musth. Since then, several instances of non-musth rumbles have been reported, and we found that such calls were produced in high-affect and low-affect social contexts, indicating a greater degree of vocal variability than was previously thought. The only study to be focussed specifically on male elephant bioacoustics is also the only study in which detailed acoustic analysis on the structure of non-musth rumbles was undertaken; Stoeger and Baotic (2016) demonstrated that male social rumbles, recorded in low-affect social contexts, encode information on maturity (age and size) and individuality, showing that male vocalisations are more content-rich than was previously assumed. The authors go on to suggest that these social rumbles could be used to communicate information on hierarchy, social knowledge and reproductive competition to both males and females (Stoeger & Baotic 2016) . Since a comparatively large amount of research has been conducted on the structure and function of a variety of rumble sub-types in female elephants, we propose that further research is critically required to understand the vocal behaviour of male elephants (McComb et al. 2000 , 2003 , Soltis et al. 2005a , Wood et al. 2005 , Poole 2011 ).
Whilst all the association studies were conducted in wild settings, vocal communication studies were also conducted on captive elephants. Captive studies are clearly important for providing baseline information on the vocal repertoire of male elephants, along with the acoustic structure of such calls and vocal production mechanisms. However, research on male vocal signals should be complimented by further research from wild settings. These settings are better for studies of how vocalisations are utilised in natural associative groups, as captive males are often not kept in close proximity (Veasey 2006) . Such studies will also allow for a greater understanding of the male vocal repertoire, the information content and function of the calls used by males, the vocalisation network, and any associated behaviours. For instance, it would be possible to test if male elephants have preferred vocal partners. Moreover, the distances involved in acoustic communication between males and any vocal activity patterns could be deduced. Such information could help define male associations, as males that are not in visual contact may still be able to communicate vocally.
Our review revealed key temporal and geographic patterns in the literature concerning both associations and vocalisations in savannah elephants. More than half the documents reporting evidence of male associations and vocal communication had been published since the year 2000. Yet, despite both research fields starting to gain traction, there were still very few studies that were focused solely on male elephant social behaviour and acoustic communication. Furthermore, when considering only the studies on wild elephant populations (in both research areas), there was a preponderance of research from Kenya, Male elephant associations and vocalisations A. Morris-Drake and H. S. Mumby in particular from the long-term study in Amboseli National Park. We consider the location of studies to be extremely important. It is clear that savannah elephants occupy a wide range of habitats, experience a variety of climates and consume differing diets (Codron et al. 2011 ) throughout their range (Blanc et al. 2007 ). Elephant populations also have a wide range of densities (Chase et al. 2016) , which are linked to these ecological conditions. We have shown that data appear to be coming from relatively few study populations, which could mask the diversity and/ or flexibility of male elephant behaviour throughout their range. Moreover, given the lack of overlap in the literature and the relatively low number of papers on male associations and vocal communication, we identify the role of vocal signals in all-male groups as a gap in the literature and an area for future research.
CONCLUSIONS
In conclusion, both male elephant sociality and vocal behaviour have been largely neglected avenues of research, and our current understanding of these topics in males is limited compared to our understanding of them within the female-led family group. It is clear that all-male associations do exist, but they appear to be weaker than associations between females, with temporal variation. More studies are needed to disentangle the underlying social, ecological and genetic drivers of social affiliation in male elephants, and to assess the fitness costs and benefits of male associations. For example, future studies could test how male group formation is influenced by environmental knowledge about food and water resources, or by the relative importance of acquiring information about dominance hierarchies. We also call for better reporting of sexual state and bull area information when documenting evidence for male sociality, as well as fine-scale analysis of sociality within and outside of musth, including the age of associates and the consistency of associations when controlling for sexual state. From an acoustic perspective, our review reveals that we are only starting to unravel the male vocal repertoire and the social information contained within male vocalisations. More research within this field is needed, including work to harmonise the terminology used in studies of acoustic structure and behaviour. Moving forward, we recommend a continued shift in focus away from musth rumbles, and towards a broader understanding of male vocal diversity and behavioural correlates. Intensifying research on wild elephants throughout their range countries should also be a priority. Future research should be concentrated on bridging the gap between male social behaviour and vocal communication, for example by analysing the ability of conspecifics to distinguish between the vocalisations of other male elephants, and by studying the behavioural decisions they make when exposed to vocalisations of individuals from different ages, relatedness and familiarity. Acoustic signals are likely to play a role in mediating male relationships (as they do in the family group). However, we have shown that little is known about intragroup vocal communication among males.
